Ozone/TEOS thermal chemical vapor deposition ͑CVD͒ has been investigated for SiO 2 deposition on Si, using a cold-wall research reactor equipped to determine the effects of precursor concentration, deposition temperature ͑300-500°C͒, and pressure ͑30-200 Torr͒ on deposition rates, etch rates, and step coverage in the regime of subatmospheric CVD ͑SACVD͒. Deposition rates first increase with substrate temperature then reach a maximum and finally decrease distinctly at higher temperatures, with the latter reflective of reactant depletion in the gas phase. Wet etch rates decrease at higher deposition temperature and higher ozone/TEOS ratio, indicating improved film quality under these conditions. Elevated deposition temperatures significantly improves step coverage in high-aspect-ratio trenches, but decreases deposition rates. Deposition rates increase and then saturate with TEOS concentration, suggesting rate-limited behavior associated with lack of ozone.
I. INTRODUCTION
Advanced very large-scale integrated ͑VLSI͒ devices require high-aspect-ratio topography on semiconductor substrates. The deposited dielectric films have to be of high quality, represented by such measures as conformal step coverage, low deposition temperature, high moisture resistance, high breakdown voltage, and smooth surfaces. Conventional silane-based chemical vapor deposition ͑CVD͒ often incurs disadvantages such as poor step coverage, particle generation, or high stress as well as surface damage in plasmaenhanced CVD.
SiO 2 CVD based on organometallic precursors, particularly tetraethoxysilane ͑TEOS͒, have gained attention because of improved gap filling capability and better film uniformity. While TEOS decomposition above 600°C makes it useful for thermal CVD processes at low pressure ͑LPCVD͒, these temperatures are much too high for application to interlayer dielectric ͑ILD͒ films. In contrast, plasma-enhanced CVD of TEOS with O 2 can be carried out at sufficiently low temperatures for ILD applications, but poor step coverage and carbon contamination remain as drawbacks.
Thermal ozone/TEOS CVD oxide deposition processes at higher pressure have attracted attention as one of the methods to deposit SiO 2 films at low temperature ͑400°C͒ with excellent step coverage, low film stress, and very low particle formation during deposition.
Nguyen et al. 1 observed that the ozone/TEOS films deposited at 50 Torr, though porous, were very conformal when compared to the plasma deposited films. However, recent literature from Japan [2] [3] [4] shows that atmospheric pressure CVD ͑APCVD͒ using ozone/TEOS processes yields high quality dielectric films and excellent step coverage, argued to be sufficient for meeting the requirements of ULSI technology. The deposition rates from the APCVD ozone/TEOS process are reported to be much higher than those from the TEOS pyrolysis in LPCVD, 5 while wet etch rates obtained from ozone/TEOS APCVD 2 are comparable to those obtained by plasma-enhanced CVD. 1 Recently, a detailed kinetic model 6, 7 of the ozone/TEOS process has been developed which predicts deposition rates, etch rates, and film uniformity over a broad pressure range including low, subatmospheric, and atmospheric pressure regimes. Most ozone/TEOS results published so far are for APCVD conditions at 400°C, and no experimental data exist in the 100-600 Torr ͑SACVD͒ range. The objective of this research was to perform experiments in the 100-600 Torr range to understand the effects of deposition pressure, temperature, and reactant flow rates on deposition rates, etch rates, and step coverage. Toward this goal, a single wafer, vertical cold-wall UHV CVD reactor was constructed to permit operation continuously through the pressure range from LPCVD to APCVD, with in situ mass spectrometric analysis capability for reaction analysis.
II. EXPERIMENTAL PROCEDURES
Ozone/TEOS oxide films were deposited using Si substrates in a vertical, cold-wall research reactor consisting of a load-lock chamber and a main reaction chamber; the important elements of the latter are represented in Fig. 1 . Ozone/ oxygen, TEOS, and N 2 were used as reactant and carrier gases for this process, in which TEOS and ozone constitute the primary active species for deposition, oxygen serves as a source for formation of ozone, and nitrogen serves as an inert carrier. TEOS of ultrahigh purity ͑99.999%͒ ͑Schumacher Chemicals Co.͒ was delivered in precise amounts from an ampule into the liquid injection system ͑MKS-DLI 100͒, and thermally vaporized directly into the reactor chamber. N 2 was injected into the vaporizer from a separate port, allowing it to mix with TEOS. Ozone was generated from the incoming oxygen stream by a high-voltage arc contained in an ozone generator ͑PCI͒, measuring up to about 3.5% ozone fractions by volume using the iodometric titration method. 13 TEOS, O 3 , O 2 , and N 2 were mixed downstream of the TEOS vaporizer, just above the showerhead. The showerhead consisted of hundreds of fine holes spaced evenly to distribute the reactant mixture to the Si wafer.
The silicon wafer rests on an aluminum spreader plate atop a BN resistive heater. Since BN heaters are not optically flat, the thermal ''contact resistance'' between the wafer and the Si is large, and in the temperature range of interest this results in severe temperature gradients across the wafer surface. This problem was solved very effectively by using the aluminum spreader plate, resulting in less than 1°C temperature gradient across the wafer, as determined by pyrometery.
The chamber pressure is maintained by using a throttle valve ͑MKS 653 A͒ in the reactor exhaust line, in conjunction with a pressure gage ͑baratron͒ on the chamber and a pressure controller to maintain the desired pressure. The reactor wall temperature was maintained around 70°C to avoid condensation of TEOS and related reaction products on reactor walls. A residual gas analyzer ͑RGA͒ is installed on the reactor exhaust to analyze the reaction products as a result of ozone/ TEOS deposition. A mechanical pump ͑Edwards, model EM240͒ was used to maintain operating pressures for the SACVD process runs. For additional studies of LPCVD TEOS reactions, a turbopump and mechanical backing pumps were also available.
III. RESULTS AND DISCUSSION
TEOS pyrolysis has been utilized for a long time to deposit rather conformal oxide 5, 9, 10 at high temperatures such as 700°C. The higher deposition temperature regime is not suitable for interlayer dielectric applications. However, addition of ozone to TEOS lowers the deposition temperature very substantially into the range of 400°C with significantly higher deposition rates at APCVD conditions. 2, 3 A simple reaction between TEOS and ozone has been described 1 as
The actual ozone and TEOS reaction is of course much more complex, likely involving numerous intermediate reactions, reactive precursors ͑e.g., SiO and SiOH͒ in the gas phase and on the film surface and possibly other reaction products. Kawahara et al. 10 recently proposed that TEOS is oxidized in the gas phase by atomic oxygen ͑formed by ozone decomposition͒ to produce silanol ͑as a gas phase intermediate͒ and acetaldehyde initially. Acetaldehyde was then suggested to further oxidize to form formaldehyde and carbon dioxide. The silanol formed in the gas phase may react on the hydroxilated silicon surface to produce a siloxane which decomposes to form silicon dioxide film. It must be emphasized that due to the complexity of ozone/TEOS chemistry, other reaction pathways may also be possible.
The effect of deposition temperature on the deposition rate at 30 Torr is shown in Fig. 2 . The deposition rate increases with temperature from 300 to 400°C and then starts to decrease above 400°C. The deposition rate increase with temperature which occurs at lower temperature is a common behavior for a thermally activated reaction process. However, the saturation of deposition rate and decline with higher temperature suggests dominance by a different chemical reaction pathway. The deposition rate behavior, i.e., increase, maximum, decrease with temperature, is consistent with the earlier ozone/TEOS work 1, 6, 7 at 50 and 90 Torr. The deposition precursors in the gas phase are expected both from the high pressures involved in the APCVD and SACVD processes and from the reactivity of ozone and atomic oxygen. It is therefore credible that the decrease in deposition rate at higher temperatures may be a consequence of increased upstream gas phase reaction, leading to products which deplete the deposition precursors and thereby lower deposition rates on the wafer surface. Such a ''parasitic'' gas phase reaction has indeed been investigated, and modeling results predict the deposition kinetics well. 6, 7 In addition, we found in this work that very fine particles are generated as a white powder at higher temperature, consistent with this picture.
The effect of TEOS partial pressure on the deposition rate at 30 Torr and 390 and 450°C is shown in Fig. 3 . For 390°C deposition, deposition rate increases at lower TEOS flows but saturates at 90 sccm flow. However, for 450°C deposition, the growth rate increases to reach a plateau at 40 sccm flow. While 450°C deposition rates are slightly lower than those at 390°C at low TEOS flow, the difference is strongly accentuated at higher TEOS flows above 60 sccm. It may be that at lower temperature the growth rate saturates due to rate limitation by ozone or oxygen supply. At higher temperature, parasitic reaction ͑discussed above͒ may deplete concentration of deposition precursor and thereby deposition rate, and this effect is accentuated at higher temperature ͑see Fig. 2͒ .
Wet etch rates of SiO 2 in buffered HF solution are a common measure of oxide quality ͑better oxides for lower etch rates͒. The effect of deposition temperature on the wet etch rates for Si wafers deposited at 30 Torr is shown in Fig. 4 . All samples were deposited using an ozone/TEOS ratio of 2 and etched with a 10:1 BHF solution for 1 min. The etch rate is shown to decrease from 0.6 m/min at a deposition temperature of 350°C to 0.22 m/min at 490°C. At temperatures below 390°C, the concentration of silanol ͑Si-OH͒, bonded OH has been shown to be high and decreases significantly above 390°C suggesting OH elimination reaction 4 in the bulk film and on the surface as follows:
This is called a ''condensation reaction'' ͑or disproportionation reaction͒ and is believed to be the principal reaction that accounts for film growth above 400°C. The decrease of the wet etch rates at higher temperature is likely due to desorption of water vapor from the surface during film growth, consistent with improved film quality. The wet etch rates depicted here ͑Fig. 4͒ correspond to an ozone/TEOS ratioϭ2 at 30 Torr total pressure and indicate a minimum etch rate of 0.22 m/min obtained at higher deposition temperature, suggesting that material quality improves with higher deposition temperature. In fact, for higher ozone/TEOS ratios, even lower wet etch rates are obtained for a given temperature as discussed next.
The ozone/TEOS flow rate ratio has a distinct effect on oxide quality as measured by wet etch rates, as illustrated in Fig. 5 . The etch rate decreases almost exponentially from ozone/TEOS ratios of 1-5, after which increasing the ozone/ TEOS ratio causes little change in etch rate. This indicates that good quality films can be made at ozone/TEOS ratios of 5 or higher at 390°C. We have shown earlier that the etch rates also decrease at higher deposition temperatures. We would attribute this effect not to higher temperature directly ͑which seems mainly to deplete concentration of precursors͒, but rather to low deposition rates caused by the precursor depletion. Thus high film quality appears to require sufficient oxidant ͑represented by ozone/TEOS ratio͒. The effect of deposition temperature on the step coverage in deep trenches ͑aspect ratio Ͼ10͒ also has been studied as a measure of process limits. Deposition in deep capacitor trenches ͑0.5 m wide, 10 m deep͒ was carried out at 30 Torr under the same deposition conditions as in Fig. 2 at 415 , 465, and 480°C and the results are depicted in Fig. 6 . It is important to emphasize here that the deposition rates at these temperatures decreased from 0.28 to 0.125 m/min. The scanning electron microscope ͑SEM͒ micrograph for 415°C deposition shows a ''pinching effect'' with significant thinning of the oxide film along the sidewall. For the purposes of comparing conformality, we define step coverage simply as the sidewall oxide thickness halfway down the trench divided by the oxide thickness at the top surface next to trench. For 415°C in Fig. 6 , the resulting step coverage is about 35%. The step coverage improves to 60% at 465°C deposition on the same trench structure. Further increase in the temperature to 490°C improves the step coverage to approximately 80%. Improvement in step coverage with lower deposition rates is consistent with the findings of Chatterjee and McConica. 12 Step coverage over a shallow trench ͑as-pect ratioϭ1͒, for 200 Torr pressure with ozone/TEOSϭ5 at 370°C is illustrated in Fig. 7 , is almost 100%, as expected.
In addition, the detailed vertical profile shapes in Fig. 6 demonstrate that trench filling is improved with higher deposition temperatures. The relative on-top oxide thicknesses are approximately 6:3:2 for 415:465:490°C deposition, while the sidewall coverages are comparable at these temperatures in Fig. 6 ͑if anything, smaller for lower temperature͒; thus more conformal profiles are obtained at higher temperature. Indeed, at 415°C, complete closure over the trench is observed, with a substantial void remaining in the trench. In contrast, the trench is distinctly open at 490°C with similar sidewall coverage; while further deposition at 490°C leading to a trench closure at the top might still produce a void in the trench, its size will be smaller than for 415°C deposition, and hence higher deposition temperature improves filling capability. We believe this conclusion is clear despite the complexities associated with the increase in the trench aspect ratio which occurs as the trench filling nears completion. 13 Similarly, the effect of TEOS flow rate on the deposition rate at 200 Torr and 370°C was studied. This is illustrated in Fig. 8 . The deposition rate here also increases nonlinearly and saturates at 0.32 m/min, again presumably because the concentration of oxidant is limited. We found that when deposition rates saturated due to limited oxidant flux, i.e., at higher TEOS flow rates, rough film texture was obtained, consistent with incompletely reacted TEOS species. 
IV. CONCLUSIONS
This research has led to kinetics, step coverage, and material quality information for ozone/TEOS process carried out in subatmospheric CVD ͑SACVD͒ regime, here 100-600 Torr, for the first time.
A striking feature of SACVD ozone/TEOS CVD for SiO 2 deposition is the trend for fixed reactant ratios, that deposition rate first increases with temperature, achieves a maximum and then decreases. While the increase is expected, the subsequent decrease is attributed to parasitic gas phase reactions which suppress the flux of deposition precursor species impinging on the wafer surface. The observation of white particle generation under these high-temperature conditions is consistent with this picture. Thus, while gas phase reactions are crucial to formation of deposition precursors, other gas phase reaction paths compete with the desired deposition pathway and in addition represent an intrinsic mechanism for defect generation as particles.
The deposition rates at lower deposition temperatures increased initially with TEOS partial pressure for 30 and 200 Torr total pressure conditions, but rates saturated at higher TEOS concentrations ͑for fixed ozone͒, suggesting a ''feed rate limited'' behavior due to lack of ozone supply. In this regime, further increase in TEOS flow rate caused excess TEOS to condense on the Si surface. At higher temperature, the variation in TEOS flow rate caused not simply a saturation of the deposition rate but further a decrease associated with parasitic gas phase reaction ͑particulate generation͒.
Wet etch rates for the resulting oxide films deposited at 30 Torr decrease significantly with higher deposition temperature, apparently due to OH elimination reactions. Etch rates at ozone/TEOSϭ2 and 490°C deposition were 0.22 m/ min, compared to PECVD oxide etch rates of 0.144 m/min.
1 Wet etch rates saturated at minimum values if ozone/TEOS ratio is Ͼ5. The higher material quality indicated by lower etch rates for larger ozone/TEOS ratio suggests more complete oxidation of the organometallic precursor or Si-O-Si network formation, leading to higher quality dielectric films. On the other hand, this is achieved at the cost of lower deposition rates.
Step coverage in high-aspect-ratio trenches improves significantly with deposition temperature for 30 Torr SACVD process, with about 80% conformality achieved for 490°C deposition into a deep trench ͑aspect ratio Ͼ10͒ and essentially 100% conformality obtained even at 370°C for shallow trenches ͑aspect ratioϭ1͒. These conformality indicators suggest significant potential for SACVD ozone/TEOS processes in dielectric trench lining or filling applications, particularly at the higher temperatures ͑450-500°C͒.
We conclude that SACVD ozone/TEOS processes are capable of high deposition rates at low temperatures to produce SiO 2 films with good material quality and step coverage. While the prevalence of gas phase reactions is an essential component in these processes, their propensity for particulate generation would naturally raise concerns. However, the results described here, and the widespread use of related APCVD processes suggests that parasitic gas phase reactions do not represent a fundamental barrier to SACVD application, especially if process characterization and understanding are developed and if suitable sensor diagnostics and control are exploited.
